Surface wind stresses are fundamental to understanding El Niño, yet most observational stress products are too short to permit multidecadal ENSO studies. Two exceptions are the Florida State University subjective analysis (FSU1) and the NCEP-NCAR reanalysis (NCEP1), which are widely used in climate research. Here, the focus is on the aspects of the stress most relevant to ENSO-namely, the climatological background, anomaly spectrum, response to SST changes, subannual ''noise'' forcing, and seasonal phase locking-and how these differ between FSU1 and NCEP1 over the tropical Pacific for 1961-99.
Introduction
Although the wind stress over the sea surface is critical to ocean modeling and El Niño-Southern Oscillation (ENSO) forecasting, the true stress remains poorly known over most of the World Ocean for the past four decades. Historical stress analyses are largely based on wind velocities estimated from surface wave heights or measured by anemometers far from the surface. Such observations are prone to errors-like inaccurate conversions from Beaufort scale to wind speed and incorrect assumptions of anemometer heights (Cardone et al. 1990; Morrissey 1990; Isemer and Hasse 1991; Kent and Taylor 1997; Kent et al. 1999) . Sparse measurements and an evolving observing system further give rise to aliasing and spurious trends (Wright and Thompson 1983; Clarke and Lebedev 1996, 1997; Kistler et al. 2001; Sterl 2001; Trenberth et al. 2001) . Even given accurate pseudostresses at a known height, determining the surface stresses requires additional parameters not always measured at sea: surface currents and roughness, vertical wind shear, and the shape and motion of the observing platform (Smith 1988; Cardone et al. 1990; da Silva et al. 1994; Fairall et al. 1996 Fairall et al. , 2003 Yelland et al. 1998; Taylor et al. 1999; Kelly et al. 2001; Brunke et al. 2003) .
To reduce these uncertainties one may impose constraints, such as dynamical balance (Zebiak 1990; Stevens et al. 2002) , consistency with observed SST and sea level pressure (Ward 1992; Ward and Hoskins 1996; Clarke and Lebedev 1996, 1997; Patoux et al. 2003) , and accuracy of the forced oceanic response (Graham 1994; Kirtman and Schneider 1996; Bonekamp et al. 2001; Hackert et al. 2001; Stammer et al. 2002; Wu and Xie 2003) . Often the goal is a gridded wind stress analysis, which can then be used by climate researchers for model validation, data assimilation, and forecast initialization.
Numerous studies have described and compared tropical Pacific wind stress analyses over various time periods (see Jones and Toba 2001; Wittenberg 2002) . Some have focused on the annual mean and seasonal cycle (McPhaden et al. 1988; Busalacchi et al. 1990; Landsteiner et al. 1990; Trenberth et al. 1990; Yang et al. 1997; Saji and Goswami 1997; Josey et al. 2002) , others on departures from the annual cycle and decadal changes (Reynolds et al. 1989; Busalacchi et al. 1990; Graham 1994; Kleeman et al. 2001; Yang et al. 2001;  W I T T E N B E R G Wu and Xie 2003) . Further work has aimed at validating satellite wind products Busalacchi et al. 1993; Liu et al. 1993; Bentamy et al. 1996 Bentamy et al. , 1999 Bentamy et al. , 2003 Grima et al. 1999; Kelly et al. 1999; Yu and Moore 2000; Meissner et al. 2001; Quilfen et al. 2001; Zhang and Gottschalck 2002) . It has become clear that there are large differences among stress analyses, which produce substantial differences in forced ocean simulations (Latif 1987; Harrison et al. 1989; Busalacchi et al. 1990; Gordon and Corry 1991; Rienecker et al. 1996; Milliff et al. 1999; Auad et al. 2001; Huang 2001) and coupled ENSO simulations and forecasts (Chen et al. 1999; Kug et al. 2001; Harrison et al. 2002; Chen 2003) .
Two analyses in particular have attracted attention from ENSO researchers: the Florida State University research-quality subjective pseudostress (FSU1; Stricherz et al. 1997 ) and the National Centers for Environmental Prediction-National Center for Atmospheric Research (NCEP-NCAR) reanalysis (NCEP1; Kalnay et al. 1996; Kistler et al. 2001) . Each covers a long period (1961 -99 for FSU1, 1948 as necessary for robust estimates of interannual-to-decadal variability; each has been widely used in climate studies, for example, to drive ocean simulations and analyses, generate initial conditions for ENSO forecasts, and fit statistical atmospheric models (Chen et al. 1995; Dewitte and Perigaud 1996; Behringer et al. 1998; Chen et al. 2000; Kleeman et al. 2001; Kug et al. 2001; Kang and Kug 2002; Kirtman et al. 2002; Tang 2002; Wittenberg 2002; Moore et al. 2003) .
Despite anecdotal evidence that NCEP1 and FSU1 differ, there have been few systematic attempts to document how these differences might matter for ENSO. Auad et al. (2001) examined cross statistics of the NCEP1 and FSU1 stress anomalies. They found the NCEP1 anomalies to be substantially weaker along the equator and poorly correlated with FSU1 in the equatorial Pacific, east Pacific, and for intraseasonal variations. Others have confirmed that NCEP1 underestimates the stresses derived from buoys and high-quality ship observations (Shinoda et al. 1999; Smith et al. 2001) . Chen (2003) found the FSU1 stresses to be much noisier than NCEP1, with better agreement between the products during warm events than cold events.
1 Efforts to merge these extended analyses and quantify their uncertainty have just begun (Putman et al. 2000; Taylor 2001) . Meanwhile, questions remain regarding the relevance of the many existing climate studies based on FSU1 and NCEP1, and current researchers interested in the behavior of ENSO prior to the late 1970s must somehow decide how to utilize these products.
1 Chen (2003) identified persistent westerly stress anomalies in FSU1 after 1998, which appear to have come from the ''quick look'' extension of his dataset (S. R. Smith 2001, personal communication) . This feature is not present in the updated FSU1 product used here.
To ease this burden, this article will 1) document the FSU1/NCEP1 similarities and differences relevant to ENSO, namely the tropical Pacific climatological background, anomaly spectrum and response to SST changes, subannual ''noise'' forcing, and seasonal phase locking, and 2) show how these characteristics have changed over the past four decades.
Data
We consider monthly mean wind stresses computed using the highest resolution wind data available. NCEP1 provides a monthly mean stress , while FSU1 provides a binned monthly mean pseudostress ͗u 10 u 10 ͘, where u 10 is the vector wind 10 m above the sea surface, and angle brackets denote a monthly mean.
2 The FSU1 pseudostress is converted to stress using
( 1) with air density a ϭ 1.2 kg m Ϫ3 and drag coefficient c d ϭ 1.3 ϫ 10 Ϫ3 . Figure 1 shows running annual means of the zonal stress ( x ) from these and other analyses, averaged over the ENSO-active Niño-4 region (5ЊS-5ЊN, 160ЊE-150ЊW). The FSU time series are similar to the University of Wisconsin-Milwaukee/Comprehensive Ocean-Atmosphere Dataset (UWM/COADS) 3 since they are based heavily on COADS after 1966. NCEP1 gives the weakest equatorial stresses of all productsfor both the climatological trades and their interannual variations-and agrees poorly even with the NCEPDepartment of Energy (DOE) Atmospheric Model Intercomparison Project II (AMIP-II) reanalysis (NCEP2). FSU1, on the other hand, agrees well both with FSU2 and with high-quality estimates from the variational analysis method Special Sensor Microwave Imager (VAM-SSM/I) and the National Aeronautics and Space Administration's Quick Scatterometer (QuikSCAT) data available for recent decades. The new European Centre for Medium-Range Weather Forecasts 40-year Re-Analysis (ERA40; a model-based reanalysis like the NCEP products) lies between FSU1 and NCEP1, and is generally closer to FSU1 except during the cold events of the latter 1990s.
The rest of this article will focus on FSU1 and NCEP1, as these are the end-members in Fig. 1 and are the products most widely used for extended ENSO studies. Monthly mean SSTs from the Smith et al. (1996) reconstruction are also examined. The data are averaged into 2Њ latitude by 5.625Њ longitude boxes covering the tropical Pacific Ocean (20ЊS-20ЊN, 129.375ЊE-84.375ЊW). A 12-month climatology is computed sep- arately for 1961-79 and 1980-99, and subtracted from the total fields to give monthly mean stress anomalies (Ј) and SST anomalies (SSTAs) for each dataset and period.
Climatology

a. Annual mean
Annual-mean climatologies of the wind stress and SST are shown in Fig. 2 . The mean zonal stress ( x ; Fig. 2a ) is easterly except in the far eastern and western equatorial Pacific, and is important for maintaining the thermocline tilt and upwelling at the equator. The trade easterlies have a saddle shape with peaks in the central basin 12Њ-15Њ from the equator, weakening toward the coasts. Strong meridional gradients of x produce cyclonic curl and poleward Sverdrup transport over most of the tropical Pacific. NCEP1 has a more pronounced saddle than FSU1, with weaker equatorial easterlies and stronger cyclonic curl. Between 1961-79 and 1980-99, both products show weakening mean easterlies near the equatorial date line, strengthening easterlies in the southwest, and greater cyclonic curl. But, while FSU1 suggests the trades strengthened and shifted eastward, NCEP1 suggests they weakened and shifted westward. Figure 2b shows the mean meridional stress y , which is important for generating the south equatorial upwelling that contributes to the meridional asymmetry of the cold tongue. In the east Pacific, southerlies cross the equator and meet opposing northerlies in the intertropical convergence zone (ITCZ) between 5Њ and 12ЊN. In the central basin, weak northerlies cross the equator and meet opposing southerlies in the South Pacific convergence zone (SPCZ) between 5Њ and 17ЊS. The weakness of the NCEP1 ITCZ/SPCZ is well known (Janowiak et al. 1998; Pegion et al. 2000; Putman et al. 2000; Wu and Xie 2003) . NCEP1 shows stronger southerlies than FSU1 in the southeast, but weaker southerlies crossing the equator in the central and eastern Pacific. Hence in the east NCEP1 shows less divergence than FSU1 at the equator and has a ''double ITCZ'' near 5ЊS that is much stronger than in FSU1. After 1980 both products show increased southerlies in the southwest and greater convergence in the western equatorial Pacific. But, while FSU1 shows stronger southerlies along the southeast coast and weaker mean divergence in the equatorial eastern Pacific, NCEP1 shows just the opposite.
The SST climatology ( Fig. 2c) consists of a cold tongue that extends up the coast of South America and westward along the equator, and a vast warm pool in the west connected by a band of Ͼ27ЊC water to a smaller warm pool south of Mexico. Between 1961-79 and 1980-99, the SST data suggest a warming and eastward expansion of the western warm pool, a widening of the warm band, a weaker cold tongue, and a reduced zonal SST contrast across the basin. To the extent that the trade wind stress is governed by hydrostatic sea level pressure (SLP) changes within the planetary boundary layer (PBL) induced by local SST gradients (Lindzen and Nigam 1987) , the east Pacific warming would appear consistent with the weakening trades in NCEP1. But SLP is also controlled by free tropospheric temperatures (Wang and Li 1993; Chiang et al. 2001) ; if these are most sensitive to SST changes in the west Pacific where there is strong moisture convergence and warm SST, then the warming and eastward expansion of the warm pool would appear consistent with the strengthening and eastward shift of the trades in FSU1. Warmer SSTs also destabilize the PBL in the east, mixing momentum downward and increasing the surface stress (Hayes et al. 1989; Wallace et al. 1989; Liu et al. 2000; Chelton et al. 2001; Hashizume et al. 2002) . Unlike NCEP1, FSU1 shows increased surface wind convergence in the equatorial central Pacific, consistent with observed decreases in SLP and outgoing longwave radiation and observed increases in SST, specific humidity, and rainfall (Wu and Xie 2003) . 
Compared to NCEP1, FSU1 generally shows much stronger seasonality of y and divergence due to its more intense ITCZ (not shown). Between 1961-79 and 1980-99, both products show stronger monsoons in the southwest, weaker x variations in the southeast, and a greater tendency toward an annual cycle in the west instead of a semiannual cycle. Both products also show greater seasonality of the stress divergence in the central equatorial Pacific and less seasonality near the ITCZ. For other aspects of the seasonal cycle, FSU1 and NCEP1 give conflicting changes after 1980. FSU1 shows increased seasonality of the central Pacific easterlies and east Pacific cross-equatorial southerlies, while NCEP1 shows the opposite. FSU1 shows increased seasonal curl variations near the equator, while NCEP1 shows a broad decrease across the east Pacific. The SST data indicate some enhanced May warming in the east and a slightly stronger semiannual cycle in the west, but otherwise there is little change in the annual cycle of SST at the equator.
Anomaly patterns a. Interannual variability
ENSO behavior is highly sensitive to changes in the wind stress response to SSTAs (Neelin 1990; Kirtman 1997; An and Wang 2000; Cassou and Perigaud 2000) . Zonal stress anomalies alter the slope of the thermocline, the strength of equatorial upwelling, and the zonal currents that advect the edge of the warm pool-each of which affects equatorial SST. Variations in likewise Ј y affect upwelling and biological production just south of the equator and near the coast of South America. Changes in stress curl generate equatorial Rossby waves, which discharge heat from the equatorial band and terminate El Niño; changes in wind convergence affect convection, altering the surface heat balance and the atmospheric sensitivity to SST.
For simplicity we shall consider only the linear part of the stress response to SST anomalies. 4 Interannual SSTAs are concentrated in the cold tongue and are strongly correlated with SSTAs averaged over the Niño-3 region (5ЊS-5ЊN, 150Њ-90ЊW). Figure 3 shows regressions of onto Niño-3 SSTA. Both FSU1 and NCEP1 give equatorial westerlies and off-equatorial easterlies in the west-central basin, weak easterlies near the eastern boundary, northerlies spanning the northern tropical Pacific, and southerlies across the southwest and equatorial southeast Pacific. There is cyclonic stress curl on both sides of the equator in the central Pacific, convergence along the equator, and divergence in the offequatorial eastern Pacific. The meridional center of the response lies a degree or two south of the equator, Ј x and the northern cyclone center (ϳ5ЊN) is closer to the equator than the southern cyclone center (ϳ10ЊS).
Between 1961-79 and 1980-99, the FSU1 and NCEP1 responses to Niño-3 SSTA (Fig. 3a) show Ј x some similar changes at the equator, including stronger westerly anomalies near the date line, stronger easterly anomalies near the western boundary, and weaker easterly anomalies near the eastern boundary. But there are also striking differences between the analyses. For 1961-79, the equatorial westerlies (and associated offequatorial cyclonic curl) in the two products have similar amplitudes, but in FSU1 the response is centered near 175ЊW, while in NCEP1 it is focused near 145ЊW with only a weak tail extending past the date line. For 1980-99, the two products are in better agreement regarding the position of the westerly peak near 165ЊW, but in NCEP1 the response is less than 60% as strong as in FSU1. Thus, while FSU1 indicates that the westerly response to Niño-3 SSTA strengthened and spread eastward after 1980, NCEP1 shows just the opposite.
The meridional stress response (Fig. 3b ) also differs substantially between FSU1 and NCEP1. Although the NCEP1 response better resembles FSU1 during 1980-99, for both periods NCEP1 shows weaker southerly stress anomalies in the SPCZ region and equatorial eastern Pacific and much weaker meridional convergence anomalies than FSU1 in the vicinity of the ITCZ. Between 1961-79 and 1980-99, the interannual variability of increases along the equator in both datasets, es-Ј y pecially FSU1 which shows a change toward a more northerly wind stress response near 140ЊW. NCEP1 shows a smaller such change occurring 20Њ-30Њ farther west. FSU1 shows a decrease in interannual convergence anomalies in the west and an increase in the east, while NCEP1 shows an increase in the west and a decrease off-equator in the central and eastern tropical Pacific. The weakening of interannual between 5Њ Ј y and 10ЊS in NCEP1 is not as apparent in FSU1. Figure 3c shows how SSTAs are related to the Niño-3 index. One must ask whether the very small decadal changes in the SSTA pattern can account for the rather large changes in either of the wind stress analyses, if indeed the stress changes are real. Between 1961-79 and 1980-99, the SSTA pattern shifted eastward by 5Њ-10Њ longitude, and the strength of the zonal SSTA gradients increased as did the interannual SSTA variance toward the coasts. These changes appear consistent with the eastward shift and strengthening of the stress response in FSU1, to the extent that the stress anomalies are driven by anomalous SST gradients. Changes in mean SST and wind convergence between 1961-79 and 1980-99 (Fig. 2c) may also have modified the stress response, since the atmospheric heating that drives the winds is a nonlinear function of the total SST and wind convergence (Kleeman 1991; Wang and Li 1993; Battisti et al. 1999; Cassou and Perigaud 2000) .
b. Subannual variability
Many studies have suggested that intraseasonal variability can trigger and/or amplify ENSO events, though the relationship is not always robust (Zhang et al. 2001; Zhang and Gottschalck 2002) . To extract these subannual signals, we first low-pass filter the monthly mean anomalies in each dataset via two applications of a 6-month running mean and then remove this low-pass signal from the original monthly mean anomalies. Figure 4 shows the standard deviation of the subannual signal that remains. The subannual is weak near Ј x the coasts, especially in the east, but away from the equator the subannual component is stronger than the interannual. At the equator, FSU1 gives a subannual even stronger than the interannual, while NCEP1 Ј x shows much weaker subannual variability. Between 1961-79 and 1980-99, both FSU1 and NCEP1 show a strengthening of subannual variance in the west Pa-Ј x cific and a weakening in the central Pacific around 5Њ-10ЊN. But in FSU1 the subannual variance in the east Pacific increases, while in NCEP1 it decreases.
For , the subannual variability is generally com-Ј y parable to the interannual. Apart from a broad minimum near the equator, there is little agreement between FSU1 and NCEP1 regarding the structure of the subannual variance. In particular, FSU1 has much stronger equa-Ј y torial variance than NCEP1. Between 1961-79 and Ј y 1980-99, both products give increased variance in the west, but FSU1 gives a much stronger increase in the east than NCEP1. The subannual curl and divergence anomalies (not shown) are also much stronger in FSU1 than NCEP1, especially near the equator. FSU1 shows increased curl and divergence variability in the far eastern and western equatorial Pacific and a decrease in variability over the central Pacific that is focused farther west than in NCEP1.
Anomaly time series a. The time series
Standardized time series of Niño-4 and Niño-3 Ј x SSTA are shown in Figs. 5a, 6a, and 7a, with the standard deviation scale and lag-1-month autocorrelation 1 indicated above each plot. Note that the standard deviation of FSU1 is nearly twice that of NCEP1. For both stress products, is well correlated with SSTA Ј x (0.65 for FSU1, 0.74 for NCEP1). However, the Niño-3 SST anomalies ( 1 ϭ 0.91) are more persistent in time than the Niño-4 zonal stress anomalies in either NCEP1 ( 1 ϭ 0.82) or FSU1 ( 1 ϭ 0.72).
Strikingly, the differences between the FSU1 and NCEP1 anomalies are nearly as large as the stress anomalies themselves. The correlation of FSU1 and NCEP1 with each other (0.80) is only slightly larger than their correlation with SSTA. The FSU1 stress anomalies are generally stronger, noisier, and have more persistent westerly peaks than NCEP1. Compared to NCEP1 or SSTA, FSU1 exhibits weaker interannual variability during the 1960s and 1970s and weaker El Niño anomalies in 1982-83 and 1997-98. The 1991-92 warm event, on the other hand, is stronger in FSU1 than in NCEP1 or SSTA, stronger even than the 1982-83 and 1997-98 events in FSU1. The 1996 cold event is also larger in FSU1 than in NCEP1 or SSTA.
A ''climate shift'' is apparent in all three time series around 1976-77. In NCEP1, part of the shift may be an artifact related to the introduction of satellite data (Santer et al. 1999; Kistler et al. 2001) . However, the shift is evident in multiple fields throughout the Pacific ocean and atmosphere (Nitta and Yamada 1989; Trenberth 1990; Gaffen et al. 1991; Graham 1994; Trenberth and Hurrell 1994; Nitta and Kachi 1994; Wang 1995; Morrissey and Graham 1996; Kachi and Nitta 1997; Zhang et al. 1997; Garreaud and Battisti 1999; Krishnamurthy and Goswami 2000; Goswami and Thomas 2000; An and Wang 2000; Xie et al. 2000; Wu and Xie 2003) . This suggests that it may well be real and possibly independent of ENSO (Latif et al. 1997; Wang and An 2002) .
b. Spectra
Figures 5b, 6b, and 7b provide continuous wavelet transforms of the anomaly time series. Each wavelet diagram is like a musical score for the time series with the lower notes (longer periods) toward the bottom (Lau and Weng 1995) . Such diagrams have proved convenient for examining interdecadal changes in ENSO (Gu and Philander 1995; Wang and Wang 1996; Torrence and Compo 1999; Torrence and Webster 1998, 1999 ). ENSO appears in all three figures as a concentration of variance between 1 and 8 yr. That most of the blobs of variance are not much wider than the cone of influence confirms that ENSO events often occur in isolation, separated by long periods of relative inactivity (Larkin and Harrison 2002; Kessler 2002) . The spectral power near 2 yr waxes and wanes in roughly an 8-yr cycle, while the power at 4 yr strengthens every 15 yr or so. There is also a gradual increase in variance at periods longer than 4 yr.
Figures 5c, 6c, and 7c show time-averaged spectra for 1961-79 and 1980-99. There is more power at subannual time scales for than for SSTA, especially at Ј x periods of 3 months or less where shows more power Ј x than red noise. Both and SSTA show broad peaks in Ј x the 1-8-yr band that become stronger after 1980. The spectral peaks at 12-15 yr are stronger in than in Ј x SSTA, but the significance of these peaks is dubious as they cannot clearly be distinguished from red noise.
The spectra reveal many differences among the time series. The NCEP1 spectrum is more stationary in time than FSU1 and looks more similar to SSTA. In the 0-6-month band, FSU1 has relatively more power than NCEP1 and shows more of an increase in variance after 1980 than either NCEP1 or SSTA. In the 6-12-month
Standard deviations of (a) zonal and (b) meridional wind stress anomalies (dPa) at periods less than 1 yr, for 1961-79 (first column) and 1980-99 (second column). The log-base-2 of the ratio of the latter period over the former is also shown (third column). Rows correspond to the FSU1 analysis (first row), the NCEP1 analysis (second row), and the log-base-2 of their ratio (NCEP1 over FSU1, third row).
band, FSU1 shows significantly less power than the red noise spectrum, while NCEP1 and SSTA cannot be clearly distinguished from red noise. In the interannual band, FSU1 shows a much stronger increase in variance between 1961-79 and 1980-99 than either NCEP1 or SSTA. FSU1 shows the greatest increase at 2.5 yr, at the short-period end of the active band, while in NCEP1 and SSTA the entire active band shifts toward longer periods with only a slight increase in amplitude.
Figures 5d, 6d, and 7d show the running variances in the 0-1-yr band and the 1-8-yr band. The interannual SSTA variance has gradually changed over the past four decades with quiet periods during the early 1960s, late 1970s, and early 1990s and active periods during the early 1970s, mid-1980s, and late 1990s. Most of these changes are mirrored in the data, though neither stress Ј x product shows reduced interannual variance during the early 1990s when the decrease in variance at 4 yr is offset by an increase at 1-2 yr. The very strong El Niño of 1997-98 and its aftermath produce highly significant interannual variance peaks in all three datasets.
The NCEP1 variance is more uniform in time than either FSU1 or SSTA. The FSU1 interannual variance increases strongly toward the latter half of the record, so the spectral variations of SSTA seem more consistent with NCEP1 than with FSU1. The stress products also show different changes in the 0-1-yr band: FSU1 shows heightened activity from 1983 to 1993, while NCEP1 shows fairly uniform noise activity apart from three prominent and isolated spikes in 1973-74, 1982-83, and 1997-98 .
c. Seasonality of the anomaly variance
The annual cycles of Niño-4 and Niño-3 SSTA Ј x variance are shown in Fig. 8 . The standard deviation () scales above each plot confirm that the stress anomalies (especially FSU1) have a larger subannual component than do the SST anomalies. Figure 8a shows that the anomaly variance changes through the calendar year. The SSTA variance, for example, is 4 times stronger in December than in March. The variance also tends to Ј x peak near the end of the calendar year, although FSU1 is not as strongly locked to the annual cycle as NCEP1. Between 1961-79 and 1980-99, there is little change in the cycle of SSTA variance apart from an overall strengthening. The wind stress products show more substantial changes, with both indicating an increased annual cycle of anomaly variance. However, in NCEP1 the December peak narrows and shifts to November, while in FSU1 the broad August-February peak shifts to September-March. Figure 8b shows that the interannual variances of and SSTA are clearly phaselocked to the annual cycle Ј x with anomalies most variable in boreal autumn and least variable in boreal spring. Between 1961-79 and 1980-99, all three datasets show a general strengthening of the variance and a shift of the cycle of variance so that it peaks slightly later in the year. But, while SSTA shows a weakening of the cycle of interannual variance, NCEP1 shows little change, and FSU1 actually shows a strengthening. The cycles in the three datasets are all in phase during 1961-79, but during 1980-99 NCEP1 is shifted a few weeks earlier than FSU1 and SSTA. In general, the calendar phasing of interannual anomalies appears robust with little dependence on dataset and little change between decades.
The seasonal cycle of subannual variance (Fig. 8c ) is more complex. The subannual Niño-3 SSTA variance does not show much of a cycle, apart from a weak peak in December and a June peak during 1980-99. The subannual Niño-4 variance, however, shows a strong Ј x cycle with decreased variance in late boreal spring and summer and increased variance in boreal winter. The subannual peaks during February-March occur at the time of year when the eastern equatorial Pacific is warm- est and convection is most active, while the OctoberDecember peaks stem from the skewness of ENSO Ј x toward westerly events. Interestingly, the February peaks in subannual Niño-4 variance have no analog Ј x in Niño-3 SSTA. Between 1961-79 and 1980-99, the subannual variance in FSU1 increased in every season except boreal spring, and the February peak in FSU1 broadened to include December and January. The December peak in NCEP1, on the other hand, split into two peaks: one in October-November and one in February. In general the calendar phasing of the subannual variability appears less robust than for ENSO.
d. Cross correlations
Cross correlations of Niño-4 and Niño-3 SSTA are Ј x shown in Fig. 9 . Hexagons represent the time series of Figs. 5a-7a, and connecting links indicate correlations between time series for 1961-79 (inner links) and 1980-99 (outer links). Clearly the interannual correlations (Fig. 9b) are the strongest, with the links between the stress and SST nearly as strong as those between the stress products. The subannual correlations (Fig. 9c ) are much weaker: subannual is linearly independent of Ј x large-scale SSTAs, and the subannual link between the stress analyses is tenuous. In general the SSTAs are better correlated with NCEP1 than with FSU1, especially prior to 1980.
The fractional changes in correlations between 1961-79 and 1980-99 are fairly small. There is little change in the links with SST, apart from an increased relationship between the full FSU1 and SST anomalies due to less negative subannual correlation. FSU1 and NCEP1 agree best for 1980-99, as evidenced by their increased correlation with each other (except for subannual time scales) and their more similar correlations with SSTAs.
Conclusions
Although NCEP1 and FSU1 are the most widely used wind stress products for extended ENSO studies, many researchers remain unaware of the large differences between them. To remedy this, we have compared the NCEP1 and FSU1 stresses for 1961-99, focusing on aspects relevant to ENSO.
The NCEP1 climatology is distinguished from FSU1 by weaker equatorial easterlies, stronger off-equatorial cyclonic curl, weaker cross-equatorial southerlies in the east Pacific, stronger southerlies along the Peruvian coast, and weaker convergence zones with weaker annual variations. Changes in the mean state between 1961-79 and 1980-99 differ as well: FSU1 indicates an eastward shift and strengthening of the equatorial trade winds, while NCEP1 suggests a westward shift and weakening of the trade winds. Changes in the annual cycle of wind stress also differ between the analyses, and appear unrelated to changes in the annual cycle of SST.
During El Niño, NCEP1 shows westerly stress anomalies that peak farther east than in FSU1. NCEP1 also exhibits a much weaker meridional stress response (owing to weaker convergence zones in that product) and lacks the cross-equatorial southerly anomalies evident in FSU1. Between 1961-79 and 1980-99, NCEP1 shows a weakening and westward spread of the zone of interannual variability. FSU1, on the other hand, Ј x shows a strengthening and eastward spread consistent with increased SST variability in the east Pacific.
There is good temporal correlation of western equatorial Pacific (Niño-4) between FSU1 and NCEP1 on Ј x interannual time scales. Small-scale anomalies, however, poorly correlated except for interannual anomalies in the western Pacific after 1980. Both interannual and subannual variability are stronger in FSU1 than NCEP1, notably for near the date line and near convergence Ј Ј x y zones. Stress anomalies are stronger and noisier in FSU1, but NCEP1 shows more extreme westerly peaks in the Niño-4 region during El Niño. Large event-toevent differences between the analyses are evident. The spectrum of Niño-4 in NCEP1 is more sta-Ј x tionary in time than in FSU1 and appears to be more W I T T E N B E R G consistent with Niño-3 SSTA especially before 1980. Compared with FSU1, NCEP1 shows a smaller fraction of the Niño-4 variability occurring at time scales of Ј x 3 months or less. Between 1961-79 and 1980-99 , the ENSO variability in FSU1 shifts toward shorter periods, while that in NCEP1 and SSTA shifts toward longer periods. The seasonal cycle of interannual variance becomes stronger in FSU1, but hardly changes in NCEP1. The seasonal cycle of subannual variance, and the decadal changes in that cycle, are also quite different between the analyses.
NCEP1 and FSU1 have come into better agreement since 1980, and many similarities are clear. At the equator between 1961-79 and 1980-99, both show increased mean convergence in the far western Pacific, a weakening of the mean easterlies near the date line, increased subannual and interannual variability in Niño-4, and a stronger response to SST anomalies. The interannual Ј x variance of peaks between October and No-Ј x vember, the subannual variance between November and February. are strongly cor-Ј x related on interannual time scales, but uncorrelated on subannual time scales. The following wind stress response to an ENSO warm event appears robust to dataset and time period: westerly anomalies peak in the westcentral Pacific just south of the equator; easterly anomalies appear off-equator and in the east; cyclonic stress curl anomalies in the north lie closer to the equatorial waveguide than in the south; and the anomalous stress is generally equatorward, except in the southeastern part of the basin.
For extended ENSO studies over the tropical Pacific, at large spatial and temporal scales, FSU1 is recommended over NCEP1-it agrees better with independent observations and updated analyses, both for the tropical Pacific climatology and the anomaly response to SST changes. Historical wind stresses, however, will never be certain, and climate researchers must acknowledge this uncertainty when using stress analyses to drive ocean simulations, fit statistical stress models, and evaluate atmospheric general circulation models.
